Eighty to ninety percent of vegetative cells of Saccharomyces cerevisiae DCL 740 incubated in KCl-acetate medium form asci, the majority of which are four-spored. Ascospores are visible in asci after about 24 hr, and spore formation is complete after about 48 hr. The dry weight of the cells increases by about 75% during 48 hr of incubation, while the lipid content of the cells increases by a factor of four. The increase in lipid content is attributed mainly to an increased synthesis of sterol esters and triacylglycerols and to a lesser extent of phospholipids. The phospholipid and sterol compositions do not change appreciably, but there is a marked increase in the proportion of unsaturated fatty acid residues in ascan lipids. Uniformly labeled 14C-acetate is incorporated mainly into sterol esters and triacylglycerols and phospholipids. Pulse-labeling by adding acetate-U-14C to sporulating cultures and harvesting after a further 6 hr of incubation reveal two main periods of acetate incorporation, namely between 0 and 18 hr, and between 24 and 30 hr. Electron micrographs of thin sections through developing asci show that the principal changes in fine structure occur between 18 and 24 hr and include the appearance of numerous electron-transparent vesicles which become aligned around the meiotic nucleus, and the laying down of extensive endoplasmic reticulum membranes. Changes in fine structure are discussed in relation to the alterations in lipid content and composition of asci.
Eighty to ninety percent of vegetative cells of Saccharomyces cerevisiae DCL 740 incubated in KCl-acetate medium form asci, the majority of which are four-spored. Ascospores are visible in asci after about 24 hr, and spore formation is complete after about 48 hr. The dry weight of the cells increases by about 75% during 48 hr of incubation, while the lipid content of the cells increases by a factor of four. The increase in lipid content is attributed mainly to an increased synthesis of sterol esters and triacylglycerols and to a lesser extent of phospholipids. The phospholipid and sterol compositions do not change appreciably, but there is a marked increase in the proportion of unsaturated fatty acid residues in ascan lipids. Uniformly labeled 14C-acetate is incorporated mainly into sterol esters and triacylglycerols and phospholipids. Pulse-labeling by adding acetate-U-14C to sporulating cultures and harvesting after a further 6 hr of incubation reveal two main periods of acetate incorporation, namely between 0 and 18 hr, and between 24 and 30 hr. Electron micrographs of thin sections through developing asci show that the principal changes in fine structure occur between 18 and 24 hr and include the appearance of numerous electron-transparent vesicles which become aligned around the meiotic nucleus, and the laying down of extensive endoplasmic reticulum membranes. Changes in fine structure are discussed in relation to the alterations in lipid content and composition of asci.
Many of the changes in composition that occur when diploid cells of Saccharomyces cereuisiae form asci containing one to four haploid ascospores have been described (see Fowell [14] for a review). These include an increase in cell volume and dry weight (8) which is accompanied by an increase in the contents of deoxyribonucleic acid (DNA) and carbohydrate (8) . The contents of total ribonucleic acid (RNA) and protein (8) also change, although in a variable fashion. Moreover, it has been reported that yeast asci are richer in lipid than vegetative cells (17, 18, 32) , and fat globules (23) are claimed to have been detected in electron micrographs of thin sections through asci. On the whole, however, the changes in lipid content and composition that accompany ascus formation in S. cerevisiae are poorly described especially in view of the obviously extensive synthesis of membranes that takes place. The present paper describes changes in the lipid composition during ascus formation in a strain of S. cerevisiae, and also the extent to which acetate, which is the preferred carbon source during ascus formation, is incorporated into cell lipids. Changes in lipid composition are related to morphological events that occur during ascus development as revealed by electron microscopy.
MATERIALS AND METHODS
Organism. The yeast used in this study was a strain of S. cerevisiae DCL 740 kindly provided by R. R. Fowell. It was maintained on slopes of malt wort-agar as described by Dixon and Rose (10) . Stock cultures were stored at 4 C. This strain of yeast produces a high proportion (80-90%) of four-spored asci. When the sporulating ability of the yeast declined, single-cell isolates were obtained by plating on malt wort-agar medium. The majority of these isolates produced a high proportion of asci.
Growth of cells. Cells were grown in a presporulation medium containing 1.3% nutrient broth (Ox-ILLINGWORTH, ROSE, AND BECKETT oid), 5% glucose, and 1% yeast extract (Oxoid); pH 6.3 (14) . Portions (1 liter) of medium were dispensed into 21 round, flat-bottomed flasks which were plugged with cotton and sterilized at 115 C for 15 min. Batches of medium were inoculated with a loopful of cells from a slope culture and were incubated at 30 C as described by Patching and Rose (30) , except that the magnetic stirrer was rotated only at about 200 to 300 rotations per min. After 40 hr, the culture was in the stationary phase of growth (about 4.75 mg dry weight or 1.50 x 108 cells/ml). The cells were then harvested by centrifugation at 12,000 x g at 3 C, washed twice with water, and resuspended in water.
Production of asci. Sporulation of cells was induced by incubating vegetative cells in a sporulation medium containing 0.5% (w/v) sodium acetate and 1.0% (w/v) KCl (pH 7.0; 14). Batches of sporulation medium (1 liter) were dispensed into 2-liter round, flat-bottomed flasks and inoculated by adding an aqueous suspension of washed vegetative cells to a density of 0.44 mg dry weight (1.44 x 107 cells) per ml. Suspensions were incubated at 25 C with rapid stirring (30) . Production of asci was followed by removing portions of suspension and counting the numbers of two-, three-, and four-spored asci by using a hemocytometer slide. A cell with an attached bud was counted as one cell. At least 300 cells or asci were counted. Ascospores were visible in asci after about 24 hr of incubation, and spore formation was complete after about 48 hr. Nevertheless, the suspensions were incubated for up to 120 hr to allow the spores to ripen. Asci and cells were harvested from the suspension by centrifugation at 12,000 x g at 3 C. They were washed twice with water, freeze-dried, and stored at -20 C in the presence of a desiccant.
Dry weight measurements. Dry weight measurements were made on cells and asci that had been freeze-dried or dried to constant weight at 80 C under reduced pressure. These methods gave virtually identical values for vegetative cells, but not with developing asci (see Table 1 ).
Extraction of lipids. Lipids were extracted from vegetative cells and asci by a modification of the procedure used by Letters (21) . Portions (500-800 mg) of freeze-dried material were extracted with 15 (28) . Gas-liquid chromatography revealed that the extracts contained only very small amounts of sterols that lack the 5,7-diene grouping. Consequently, only 5, 7-diene sterols, which are the fast-reacting sterols in the Liebermann-Burchard assay, were determined. Sterol contents were calculated from a standard curve prepared with ergosterol. Sterol esters were dissolved in 0.1 ml of benzene and saponified by refluxing for 2 hr with 0.4 ml of 10% (w/v) KOH in 90% (v/v) ethanol in a tube fitted with a cold-finger condenser. The sterols liberated were assayed as already described. Diacylglycerols and triacylglycerols were eluted from the silica gel by 2 x 3-ml portions of chloroform followed by 2 x 3-ml portions of diethyl ether. The first ether extraction was performed in a cold Rotary Evapomix (Buchler Instruments Inc.) without a vacuum for 10 min. Diacylgycerols and triacylglycerols were assayed by a chromotropic acid method (39) . Contents are expressed as dipalmitin-and tripalmitin-equivalent, respectively, derived from a standard curve prepared with tripalmitin. Free fatty acids were eluted from the silica gel by 2 x 3-ml portions of diethyl ethermethanol (9: 1, v/v) followed by 2 x 3-ml portions of chloroform. They were assayed by the method of Heinen and de Vries (19) , and contents were related to oleic acid-equivalent by using a standard curve. Squalene was not eluted from the silica gel before being assayed by the method of Trappe (38) , which involves bromination of squalene and iodometric titration of the unreacted bromine.
Sterols were extracted from freeze-dried cells by hydrolysis followed by saponification. Yeast (100 mg) was refluxed with 30 ml of 0.33 N HCl for 1 hr. The supernatant liquid was extracted with 3 x 30 ml of diethyl ether, and the residue was refluxed with 5 ml of 7 N KOH for 2 hr at 130 C. The reaction mixture was extracted with 2 x 25 ml of cyclohexane with shaking. The diethyl ether and cyclohexane extracts were pooled and analyzed for total sterol by the Liebermann-Burchard method (38) and for ergosterol by the ultraviolet extinction method of Shaw and Jefferies (36) .
Gas-liquid chromatography. Samples were analyzed using a Pye series 104 model 64 chromatograph, with flame ionization detectors. Sterols were prepared for gas-liquid chromatography by dissolving the lipid extract in 1 ml of benzene and refluxing with 4 ml of 1.78 M KOH in 90% (v/v) ethanol for 2 hr. Water (10 ml) was added, and the pH value was adjusted to 1.0 with HCl. The mixture was then extracted with 3 x 10 ml of diethyl ether, and the extracts were dried over sodium sulfate before being concentrated in vacuo. Free sterois were purified by thin-layer chromatography with petroleum spiritdiethyl ether-acetic acid (70:30:2, v/v/v) and eluted from the silica gel with 150 ml of diethyl ether. Trimethylsilyl ethers were prepared by dissolving the sterols in 1 ml of dry pyridine, adding 0.2 ml of hexamethyI disilazane and 0.1 ml of trimethyl chlorosilane (37) . The mixture was shaken and left at room temperature for 15 min. Excess reagents were evaporated off under a stream of nitrogen gas, and the products were taken up in chloroform. Alternatively, the reaction mixture was partitioned between petroleum spirit and water, and the petroleum spirit extract was concentrated and redissolved chloroform. Trimethylsilyl ethers of the sterols were separated on 3% OV 17 supported by 100-200 mesh Gas Chrom Q in a 9 ft by 1/4 inch (ca. 2.7 m by 0.6 cm) stainlesssteel column. The column temperature was 225 C with a nitrogen gas flow rate of 70 ml/min; the detector oven temperature was 300 C.
Methyl esters of fatty acids were prepared by refluxing 10 to 20 mg of extract in 0.5 ml of dry benzene with 4 ml of methanolic HCl (5%, w/v) for 2 hr. A tube of anhydrous CaCl2 was fitted to the condenser. After adding 10 ml of water, the methyl esters were extracted with 3 x 10 ml of diethyl ether. These extracts were dried over CaCl2 before being concentrated. The methyl esters were purified by thin-layer chromatography with petroleum spiritdiethyl ether-acetic acid (90:10:1, v/v/v) and were eluted from the silica gel with 150 ml of petroleum spirit-diethyl ether (1: 1, v/v). The eluate was concentrated and redissolved in chloroform before the esters were separated on 15% polyethylene glycol succinate (PEGS) on 85-100 mesh Universal B, or 15% EGSS-X on 100-120 mesh Gas Chrom P. The PEGS was packed in a 5 ft by 1/4 inch (ca. 1.5 m by 0.6 cm) glass column and maintained at 155 C; the detector oven was set at 200 C with a nitrogen gas flow of 60 ml/min. The EGSS-X was packed in a 5 ft by 1 Fig. 1 , freeze-dried asci retained water, the amount of which increased as the asci developed. This increase in water retention occurred in two distinct periods, namely between 0 and 12 hr, and between 30 and 48 hr. The increase in dry weight is accompanied by an increase in the content of total lipid (Fig. 1) Vegetative cells contain large proportions of phosphatidylinositol, phosphatidylserine, phosphatidylcholine, and phosphatidylethanolamine, and smaller proportions of phosphatidic acid, bisphosphatidylglycerol, and N, N-dimethyl-phosphatidylethanolamine. The relative proportions of these phospholipids did not change appreciably during development of the asci up to 120 hr. There was a progressive increase in the proportion of unsaturated acids during ascus development, due mainly to an increased synthesis of C16: l and C18 acids.
Vegetative cells were grown in the presporulation medium at 30 C and incubated in the sporulation medium at 25 C. Growth temperature is known to influence the fatty acid composition of microorganisms (12), lower incubation temperatures favoring synthesis of unsaturated acids. (Fig. 2) . This percentage was considerably greater than that reported by the Espositos and their colleagues (11), who used acetate-2-l 4C. Changes in fine structure during ascus development. Few changes occurred in the fine structure of developing asci during the first 12 hr of incubation, with the exception of an increase in the number of mitochondria, alignment of endoplasmic reticulum around the cell periphery, and fragmentation of the vacuole (Fig. 3, 4, and 5) . Incubation for another 6 hr led to more dramatic changes. Fragmentation of the central vacuole gave rise to many dispersed vacuoles, but the most notable features were the presence of numerous electron-transparent vesicles and the formation of extensive endoplasmic reticulum membranes (Fig. 6) . The process of ascospore formation was rapid and apparently asynchronous since a variety of developmental stages were found in cells harvested after 24 hr of incubation in sporulation medium ( Fig. 7-11 ). During this phase, the nucleus changed shape extensively, probably reflecting a state of division (compare Fig. 7  and 8 ). As this process continued, a double, delimiting membrane extended around the extremity of each lobe of the nucleus (Fig. 8) . Electron-transparent vesicles became aggregated around these delimiting membranes, especially when adjacent lobes were close together ( Fig. 8 and 9 ). Subsequently, many of the vesicles became enclosed within the delimited ascospores (Fig. 9, 10 , and 11), around which walls were developed ( Fig. 10 and 11 ).
DISCUSSION
Although it has been claimed that asci of S. cerevisiae are richer in lipids than vegetative cells (17, 18, 23, 32) , these claims are based entirely on cytological observations. The present paper reports for the first time the extent and nature of the changes in lipid composition that occur when diploid cells of S. cerevisiae form asci containing four haploid ascospores.
The main lipids in the plasma membrane of S. cerevisiae are phospholipids and sterols (K. Hunter, thesis, University of Bath). Calculations show that the formation of four ascospores in asci of S. cerevisiae DCL 740 (based on average dimensions from our electron micrographs) involves the formation of approximately 80 to 100% more membrane as a result of the formation of a plasma membrane and a spore membrane in each ascospore. The increase in the content of free sterol during the first 24 hr of ascus development could therefore be accounted for very approximately by the formation of new membranes. However, over the same period, the increase in phospholipid content of developing asci is greater than that required to make additional plasma membrane and spore membrane. Some of this phospholipid may be incorporated into newly formed mitochondria, as well as into membraneous structures that are retained in the ascan epiplasm. Some may also be present in membranes that enclose the newly synthesized electron-transparent vesicles. The electron micrographs suggest that a membrane of this type may be present.
The really dramatic changes in the lipid composition of developing asci are in the contents of sterol esters and triacylglycerols. Little is known of the cellular location and physiological significance of these lipids in yeast, but it has been shown that sterol esters and triacylglycerols are mainly located in S. cerevisiae in low-density structures (G. E. Wheeler, unpublished observations; K. Hunter, thesis, University of Bath) similar to those found in liver cells (25) . It seemed possible that the increased synthesis of sterol esters and triacylglycerols might be associated with the formation of additional electron-transparent vesicles during ascus development. Our analytical data show that the contents of both classes of lipid increase steadily during ascus development, whereas the electron micrographs reveal that the formation of electron-transparent vesicles is rapid during the first 24 hr incubation, after which it levels off; indeed, it appears that there may be less vesicular material in asci at later stages of development. Clearly, therefore, the appearance of vesicles cannot be closely correlated with the contents of sterol esters and triacylglycerols in asci, and it is presumed that, if the vesicles do contain these classes of lipid, some must also be located in other ascan structures during the later stages of development.
It is possible only to speculate on the physiological role of the increased production of sterol esters and triacylglycerols some of which may be in vesicles. Vesicles of the type shown in the present study to be formed during ascus development have been implicated in secretion of enzymes (3) and with the extrusion of cell wall material (35) secondly, the location of' the electron-transparent vesicles in asci at the time of spore delimitation. A similar association between osmiophilic (lipid) vesicles and "prospore wall" was demonstrated by Moens (26) in glutaraldehydefixed cells of'S. cerevisiae although Moens does not discuss the possibility of' a role for these vesicles in wall synthesis. Although our data do not indicate the pref'erential location, if' any, of unsaturated fatty acids in ascan lipids, it is conceivable that these acids are concentrated in sterol esters and triacylglycerols where the extra mobility which unsaturated fatty acids conf'er on lipids (12) might be important in vesicles which transport wall material or enzymes. However, the increased synthesis of sterol esters and triacylglycerols, both of' which are hydrophobic in nature, might be expected to lower the water-retaining capacity of asci, a suggestion which makes it difficult to explain the observed increase in water-retaining capacity of asci as development proceeds. Electron micrographs obtained in the present study also show that the nucleus becomes highly lobed during meiosis. This finding is in agreement with the observations of Moens and Rapport (27) on "uninuclear meiosis," in which meiosis I and meiosis II are thought to take place without rupture of' the nuclear membrane. These observations have recently been confirmed by the elegant f'reeze-etched micrographs published by Conti and his colleagues (16) . Also worthy ot' mention is the presence of' double, delimiting membranes, and their alignment around the meiotic nucleus. The inner of these membranes would appear to form the ascospore plasma membrane. By analogy with other ascomycetes (2, 6, 15, 24, 31) , it is presumed that the spore wall is formed by insertion of' material between these membranes. This essentially supports the tindings of' Lynn and Magee (23) with S. cereuisiae and Black and Gorman with Hansenula wingei (4). The outer membrane presumably gives rise to the proteinaceous spore membrane (5) .
